Objective Given the known strong relationship of DNA methylation with environmental exposure, we investigated whether brain regions affected in Parkinson disease (PD) were differentially methylated between PD cases and controls.
Parkinson disease (PD) is the second most common neurodegenerative disorder affecting older adults. The clinical presentation includes bradykinesia, resting tremor, and rigidity. 1 Monogenic mutations for PD have been identified that greatly increase the risk of PD. 2 However, 90% or more of PD cases are idiopathic.
Epigenetics is a potentially important factor contributing to PD risk, particularly since environmental factors have been associated with an increased risk of developing PD. [3] [4] [5] However, little work has been done to explore the potential epigenetic contribution to PD. DNA methylation, the mostly studied form of epigenetic modification, has been primarily investigated in PD within select candidate genes. 6, 7 Several studies have found differential methylation in SNCA and MAPT. [8] [9] [10] [11] Furthermore, significant changes in DNA methylation were identified in multiple genes in both blood 10, 12, 13 and brain. 10 Relevant to the current study, dysregulation of Wnt signaling due to methylation was observed in the frontal cortex and midbrain sections of PD brains. 14 Here, we report an initial analysis of the genome-wide methylation profile in the dorsal motor nucleus of the vagus (DMV), substantia nigra (SN), and cingulate gyrus (CG) of pathology-confirmed PD cases compared with age-and sexmatched, pathology-confirmed controls. Each of these brain regions represents the location of neuropathologic changes in PD at different stages of the disease. We found that patients with PD have significant DNA methylation changes in these 3 brain regions, and find the largest number of significant DNA methylation changes are found in the DMV. Furthermore, pathway analysis in the DMV of patients with PD supports the involvement of the Wnt pathway in the pathophysiology of PD.
Methods
Brain samples were obtained from the autopsy program of the University of Miami, Morris K. Udall Parkinson Disease Center of Excellence (n = 11), the NIH Neurobiobank (n = 12), and the Pacific Udall Center Neuropathology Core (n = 22). Our initial discovery sample set consisted of 22 PD pathology-confirmed cases and 24 pathology-confirmed controls. The replication data set had 16 PD pathologyconfirmed cases and 17 pathology-confirmed controls, providing a total of 38 PD cases and 41 controls for the joint analysis. All brains were from non-Hispanic white men, aged >60 years at death with no premortem diagnosis of cancer, postmortem interval of less than 24 hours, and a Braak neurofibrillary tangle stage ≤IV. Neuropathologic evaluations were performed in every case confirming Lewy body (LB) PD, and followed the filtering criteria of Beecham et al., 15 for inclusion into the study. Staging was performed according to the Braak hypothesis of LB staging in PD. PD samples included brains with Braak stages ranging from 3 to 5 (36% stage 3, 37% stage 4, and 27% stage 5). Tissue punches of 0.3 cm in diameter were taken from fresh, quick-frozen 1 cm coronal sections from each region studied, e.g., the medulla oblongata containing the DMV, the SN, and the anterior CG. Tissue punches corresponded to approximately an average of 50% of the DMV, 30% of the SN, and 5% of the CG. These brain regions represent the location of neuropathologic changes in PD at different stages of the disease. One of the earliest regions to display LBs and Lewy neurites, the hallmarks of PD, is the DMV, with the characteristic motor symptoms occurring later, when over 50% of the dopaminergic neurons of the SN's pars compacta are lost. 1 The DMV has a direct connection to the environment through the vagus nerve's innervation of the gastrointestinal tract, of which dysfunction in PD has been reported in multiple studies. 16, 17 The CG generally develops later pathologic changes in PD. 18 A 40-μm section of the tissue punch containing the DMV was used for anatomic verification.
Standard protocol approvals, registrations, and patient consents The authorization for retention of the brain, review of medical records, and informant interviews were approved by the respective institutional review boards.
Profiling of CpG methylation using 450k/ 850k array Genomic DNA (500 ng) was bisulfite modified (EZ-96 DNA Methylation Kit; Zymo Research, Orange, CA) as per manufacturers' instructions. For analysis of CG dinucleotide (CpG) methylation, both the Illumina Infinium HumanMethylation450 BeadChip and the Infinium MethylationEPIC (850K array) Beadchip were used (Illumina, San Diego, CA) because of discontinuation of the 450 BeadChip by the manufacturers.
Statistical analysis of methylation data
Raw intensity files were processed using the methylation analysis software RnBeads. 19 Because all samples were male, we did not filter sex-specific probes. Beta-Mixture Quantile normalization was used for intra-array normalization of beta values, which are the ratio of the methylated signal intensity to the sum of both methylated and unmethylated signals after background subtraction. The beta values were then logit transformed to attain M values for statistical analysis. 20 Glossary AAD = age at death; CG = cingulate gyrus; DEG = differentially expressed gene; DMR = differentially methylated region; DMV = dorsal motor nucleus of the vagus; DUSP22 = dual-specificity phosphatase 22; IC = independent component; iSVA = independent surrogate variable analysis; LB = Lewy body; PD = Parkinson disease; SN = substantia nigra; SV = surrogate variable; TFBS = transcription factor binding site.
Unsupervised hierarchical clustering of the methylome data revealed 1 outlier from the CG group, which was removed from further analysis.
For the analysis of individual CpGs, linear regression models were used to test differential methylation between case-control status adjusting for age at death (AAD) and methylation chip effects. To account for additional unmeasured confounding factors such as cellular composition, we included surrogate variables (SVs) estimated from independent surrogate variable analysis (iSVA) as covariate variables. 21 iSVA estimates major independent components (ICs) in genome-wide DNA methylation patterns. We tested each IC with status using a T test. The significant ICs (IC3 for DMV and IC7 for SN), which could be confounders of the association between case-control status and differential methylation, were then included in the linear model: M value ;PD + AAD + array + IC. We only considered CpGs that showed a difference in group means in methylation M values (|DM|) of at least 25% (|DM| ≥ 1.5) and false discovery rate (FDR) <0.05 in the 2 group comparison.
Differentially methylated region analysis
The majority of genome-wide methylation studies have focused on single CpG sites. However, modification of single CpG often produces weak correlations with gene expression data. 22 Contextualizing the methylation level of an individual CpG by the status of neighboring CpG sites facilitates biological inferences. Clusters of neighboring CpGs with coordinated differential methylation are identified as differentially methylated regions (DMRs). Hypermethylated DMRs in promoters are usually associated with silencing, whereas in the gene body, they associate with upregulation of expression. 23 We defined a DMR as a region including (1) 3 or more consecutive significantly differentially methylated (p < 0.05) sites between PD and control groups with the same direction of methylation change; (2) each differentially methylated CpG separated by less than 500 bp; and (3) a multiple-comparison corrected p value (Sidak p) less than 0.05 for the region.
DMR analysis was performed using comb-p. 24 Comb-p takes as input unadjusted p values for each probe, identifies regions of enrichment (i.e., series of adjacent low p values), and computes statistical significance of the regions using the Sidak correction.
Levodopa Levodopa (L-Dopa) has been shown to affect methylation levels 25 and thus could be a contributor to the methylation changes observed. To address this, we used 2 approaches: (1) we examined the dose-response relationship with L-Dopa in a line of iPSCderived dopaminergic neurons generated from a control nonHispanic white male donor. (2) We also compared methylation changes we found to those reported in a model of 7-day L-Dopa administration to rats rendered hemiparkinsonian through unilateral injections of 6-hydroxydopamine (6-OHDA). 25 We selected nontoxic concentrations ranging from 0 to 50 μM of L-Dopa, including treatment with 10 μM, a concentration proven to induce methylation changes in cultured human peripheral blood mononuclear cells. 26 iPSC-derived dopaminergic neurons differentiated for 70 days were cultured with varying levels of L-Dopa (0, 5, 10, and 50 uM) in Neurobasal N2/B27 media (Gibco) supplemented with 1 ng/mL of transforming growth factor beta-3, 10 ng/mL of sonic hedgehog signaling molecule, 20 ng/mL of brain-derived neurotrophic factor, and 30 ng/mL of glial cell-derived neurotrophic factor. After 7 days, DNA was extracted and subjected to methylation analysis.
RNA sequencing and statistical analysis RNA-seq (RNA integrity number ≥ 5) was performed using a paired-end 125 bp protocol on a HiSeq 2500. Reads were aligned to the human reference genome (hg19) using the STAR algorithm and analyzed using the "voom" method in the Limma package. 27 A linear model with AAD was fitted to each gene, and empirical Bayes moderated t-statistics and p values were used to assess expression differences between PD and controls. To account for underlying unknown confounding factors, we used SVAseq with default parameters to estimate SVs. 28 None of the estimated SVs differed significantly between casecontrol status, so we did not include them in the linear model: log (cpm) ; PD + AAD.
Pathway analysis
We used Enrichr (amp.pharm.mssm.edu/Enrichr/), which yields an FDR-adjusted p value for each pathway. 29 The binding affinity of most transcription factors to DNA is altered by DNA CpG methylation. 30 Thus, we analyzed the presence of transcription factor binding sites (TFBSs) using the R package Goldmine. 31 
Data availability
Raw data for the primary analyses are available upon reasonable request from the corresponding and senior author.
Results

Samples
The average AAD for PD cases was 78.1 years (range 67-90 years) in the discovery data set and 79.8 years (range 66-89 years) in the replication data set. For controls, it was 77.7 years (range 64-91 years) in the discovery and 79.6 years (range 67-95 years) in the replication data set. In multiple samples, we were unable to isolate all 3 regions because of insufficient material or excessive degeneration. This is shown in tables 1 and 2, with age at onset, AAD, and the regions isolated from each donor.
DMR analysis Discovery data set
Analysis in the discovery data set identified 85 DMRs in the DMV, 65 in the CG, and 27 in the SN samples with Sidak p < 0.05 (table e-1, links.lww.com/NXG/A164). These DMRs were associated with 108, 84, and 31 genes in the DMV, CG, and SN, respectively. Within the discovery data set, comparison of the DMRs identified in the 3 tissues revealed that a region spanning the promoter region of dual-specificity phosphatase 22 (DUSP22) was hypomethylated in PD brains in the 3 tissues. Furthermore, another 7 genomic regions were differentially hypermethylated in both the DMV and the SN (RNF5, AGPAT1, LANCL2, LMTK3, SCAND3, SLFN12, and ZDHHC14).
Replication data set
We tested whether any of the significant DMRs identified in the discovery data set were also differentially methylated in the replication data set (Sidak p < 0.05). We found that 7 of the discovery DMRs were reproduced in the replication data set in the CG, 4 in the DMV, and none in the SN (figure and  table 3) . We therefore performed a gene-based analysis that revealed genes that contained DMRs in both the DMV (FRMD4A and GPT) and the CG (HOXA3 and PRDM16) of patients with PD in which the location of the DMR is not the same in the discovery and the replication data set (figure). This analysis identified several genes, including ARFGAP1, a reported regulator of LRRK2 toxicity in PD. 32, 33 Joint data set As both the discovery and replication autopsy data sets were limited in sample numbers and showed replication between them, to increase the power of detecting disease-associated Abbreviations: AAD = age at death; AAO = age at onset; CG = cingulate gyrus; DMR = differentially methylated region; DMV = dorsal motor nucleus of the vagus; PD = Parkinson disease; RIN = RNA integrity number; SN = substantia nigra. All brains were from non-Hispanic white men, aged >60 years at death with a Braak neurofibrillary tangle stage ≤ IV. In several samples, we were unable to isolate all 3 regions because of insufficient material and/or excessive degeneration. We analyzed the DMV in 67% of control samples and in 59% of PD samples; the CG in 46% of control samples and in 50% of PD cases; and the SN in 83% of control samples and in 86% of PD cases. RNA was used only in those samples that reached a quality cutoff (RNA integrity number, RIN ≥ 5 Abbreviations: AAD = age at death; AAO = age at onset; CG = cingulate gyrus; DMV = dorsal motor nucleus of the vagus; PD = Parkinson disease. All brains were from non-Hispanic white men, aged >60 years at death with a Braak neurofibrillary tangle stage ≤ IV. In several samples, we were unable to isolate all 3 regions because of insufficient material and/or excessive degeneration. We analyzed the DMV in 88% of control samples and in 56% of PD samples; the CG in 88% of control samples and in 93% of PD cases; and the SN in 94% of control samples and in 62% of PD cases. Samples used are indicated by a "Y".
on L-Dopa treatment of iPSC-derived dopaminergic neurons. Comparison of the DMRs identified in the joint analysis in the different tissues with the methylation changes induced by L-Dopa treatment showed no overlap. Furthermore, comparison of our data (all genes containing DMR irrespective of the brain region) with the genes identified as differentially methylated in the dorsal striatum of 6-OHDA-treated rats receiving L-Dopa 25 with FDR < 0.05 and absolute change of 10% (2703 genes) revealed an overlap of 82 genes. Thus, the rat model-human comparison data suggest that approximately 24.1% of the genes identified as differentially methylated in PD could be related to L-Dopa administration. To attempt to identify methylation changes that could be induced by the presence of cell death or hypofunctioning neurons, we determined which of the DMR-containing genes (from the joint analysis) were also differentially methylated in hemiparkinsonian rats not given L-Dopa. This revealed 60 genes with differential methylation shared between our human data and those responsive to 6-OHDA lesion in the rat striatum as previously identified. 25 
Discussion
This initial study of DNA methylation changes in the DMV, SN, and CG supports our hypothesis of an epigenetic contribution to PD risk. Whether the identified changes are inherited, acquired de novo during development, in part due to cellular composition changes or induced by environmental variables is currently unknown. However, it is certainly interesting to speculate that these methylation changes might be due to environmental influences through the vagus nerve. If this were the case, it would suggest that methylation is an early factor in the development of PD, as the DMV is thought to be one of the earliest regions to develop characteristic PD pathologic changes.
Epigenetic patterns are different between cell types, specifically neurons and glia. 37 Unlike the DMV, which does not have extensive degeneration, cell loss in the SN is prominent, and thus, it is possible that a change in cellular composition between controls and patients with PD contributes to some of the changes we have seen despite the use of iSVA to correct for cellular heterogeneity. Furthermore, heterogeneity in the We analyzed the overlap between our results and changes observed in L-Dopa-treated rats. The 6-OHDA-induced parkinsonism model has limitations in terms of progression and recapitulation of the age-related effects of PD. However, this parkinsonism model has been useful in the study of L-Doparelated dyskinesia. 38 The small overlap in L-Dopa-associated changes in DNA methylation and the changes we observed, with the fact that the DMV, SN, and CG displayed minimal overlap in DMRs, yet are all exposed to the drug, would suggest that L-Dopa is not the major contributor to the changes observed here.
The finding that most DMRs contain TFBS suggests that the PD-associated DNA methylation changes have regulatory potential. We, nevertheless, did not observe a correlated change in gene expression in the DMV and only one gene in the SN. Notably, in the CG, an area affected late in the course of PD, we did detect some transcriptional dysregulation accompanied by DNA methylation changes. This suggests the possibility that the identified DMRs constitute stable modifications of the epigenome, but their acute effects (transcriptional changes) are not stably maintained and compensated by other mechanisms. Furthermore, a subset of the differentially methylated/expressed genes in the CG has also DMRs in the SN, supporting the idea of stable DNA modifications reflecting previous transcriptional changes.
A DMR in ADP-ribosylation factor 1 GTPase activating protein 1 (ARF1GAP) is the most significant DMR in the joint analysis of the DMV (table 3) . ARFGAP1 and LRRK2 interact and appear to regulate each other's expression. 32, 33 Thus, the methylation changes would suggest a wider role for ARFGAP1 in PD pathophysiology. Neurexin 3, thought to be involved in synaptic plasticity, has been associated with multiple psychiatric disorders including Alzheimer disease. 39 Of interest, the promoter of DUSP22, associated with the most significant DMR in the SN in this study, was shown to be hypermethylated in the hippocampus, 40 whereas a region upstream of DUSP22 was found to be hypomethylated in the superior temporal gyrus 41 of patients with Alzheimer disease. It has been recently suggested that DUSP22 is involved in both the phosphorylation of tau and CREB signaling, both shown to be involved in Alzheimer disease. 40 Furthermore, hypermethylation of the DUSP22 promoter was associated with schizophrenia. 42 It is interesting that we did not find any DMR in SNCA that has been shown to have methylation changes previously in the cortex, SN, and blood in PD. The reasons for this are not clear, but may reflect tissue degeneration in the earlier affected regions, well as a larger data set reported here, as it is likely to vary between individuals.
Identifying enriched functional pathways revealed epigenetic perturbation in the interrelated pathways of "Wnt signaling" and "Hippo signaling" in the DMV. Wnt signaling has been previously implicated in PD via expression and methylation, 14 genetic, [43] [44] [45] [46] [47] [48] [49] [50] and modeling 46, 47 approaches. Wnt proteins are critical mediators of cell-to-cell communication and intracellular signaling associated with CNS development. 43 Particularly important for PD is their role in determining midbrain dopaminergic cell fate and functioning. 48 Recently, Wnt signaling has been implicated in propagating the innate immune function in multiple tissues. Such regulation of inflammation, a process implicated in PD 49 and in Thus, our data support an epigenetic component to the development of PD and fit well within the growing body of evidence involving the DMV and the vagus nerve in PD. Furthermore, our data support the previous studies suggesting deregulated Wnt signaling contributing to the pathogeneses of PD.
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